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We have observed a longitudinal nonlinear (second-harmonic) Kerr rotation up to 22° for an 
Fe(2 nm)/Cr(2 nm) multilayer on an S i0 2 substrate that shows a linear Kerr rotation of only a few  
hundreths of a degree. The latter value excludes any linearly induced mechanism and confirms the 
interface sensitivity of this nonlinear Kerr technique. The enormous enhancement is shown to be in 
good agreement with recent predictions, based on spin dependent band structure calculations. The 
local optical field effects are shown to play an important role for the additional enhancements for such 
multilayers on a substrate.
PACS numbers: 75.70.Cn, 42.65.Ky, 78.66.-w
The magnetism of surfaces, thin films, and multilayers 
has recently attracted a great deal of interest [1]. The 
manipulation of artificial structures down to the atomic 
level has led to some surprising new results, such as 
the change of magnetization direction from normal to 
in plane for thin Fe films [2], enhanced or reduced 
magnetic moments at surfaces [1,3], and the oscillating 
exchange coupling through nonmagnetic spacers [ 5 - 8 ] .  
Besides their fundamental interest, these systems are also 
interesting for their potential in practical applications.
One of the most widely used techniques to study the 
magnetic properties of magnetic thin films is the magneto­
optical Kerr effect (MOKE). In addition, MOKE is 
widely used for magnetic imaging. In this context, and 
also to study very thin films, large Kerr rotation angles 
are favorable.
Recently, it has been pointed out by Pustogowa, 
Hiibner, and Bennemann that in nonlinear optical second- 
harmonic generation (SHG) from magnetic materials 
enormous enhancements of the Kerr angles can be 
expected [9]. This was indeed observed for the Heussler 
alloy PtMnSb [10], that is of course also known for its 
large linear Kerr rotation. However, more interesting 
applications of SHG can be found in the study of surfaces 
and interfaces of thin magnetic multilayers. Based on 
the symmetry breaking at interfaces, the second order 
nonlinear optical response is found to be extremely 
surface and interface sensitive [11]. Predictions of sensi­
tivity for surface magnetism [12,13] were experimentally 
confirmed for clean surfaces [14,15] and multilayer 
interfaces [16,17] where relative magnetic effects in the 
SHG intensity of more than 50% have been observed. 
Despite the interesting theoretical studies on the nonlinear 
Kerr rotation angle to the best of our knowledge no 
attempts have been made so far to measure this quantity 
for a clean surface or a multilayer structure [18].
In this paper we present experimental nonlinear Kerr 
data for a magnetic Fe/Cr multilayer in the longitudinal 
configuration. We show that extremely large nonlinear 
Kerr angles are found for this very thin magnetic layer, 
for which the linear magneto-optical Kerr rotation is 
(vanishingly) small. Experimentally is found to be 
largest for the ^-polarized input, with values between 5° 
and 22° for angles of incidence between 15° and 70°. For 
the p -input configuration we measure a rotation angle of 
1° to 5° for incident angles between 15° and 70°. This is 
shown to be in good agreement with the results of band 
structure calculations on (bulk) Fe surfaces by Pustogowa, 
Hiibner, and Bennemann [9]. We will also show how 
the substrate, through local field effects, can influence the 
magnitude of the observed 4>k\
The sample consisted of a thin Fe film (thickness 
2 nm), covered with a 2 nm Cr film deposited by rf diode 
and dc magnetron sputtering, respectively. As a substrate 
we used a (100) silicon wafer, with a thermal oxide layer 
of about 525 nm. The substrate was on a rotating table, 
which moved with a velocity of 0 .96  and 3.97  m/min 
underneath the Fe and Cr targets, respectively. Both 
targets were equipped with screens for getting uniformity 
of the layer thickness better than 1%. The base pressure 
was 2 X 10~7 Torr and the Ar pressure was 5 mTorr. For 
the second harmonic experiments we used the 770  nm 
output of a mode-locked (80  MHz) Ti-sapphire laser. 
The pulse width was 70  fs and the input power was 
100 mW focused on a spot diameter of 100 jmm. The 
experiments were done in the longitudinal configuration, 
i.e., the magnetization M  was in the plane of the sample 
and in the optical plane of incidence (see inset, Fig. 1).
Figure 1 shows the polarization dependence of the SH 
signal for an ^-polarized input at an angle of incidence of 
45° and for M  along x and — x, respectively. The differ­
ence between the two minima of the curves corresponds to
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analyzer angle a (deg.)
FIG. 1. Output polarization dependence of SHG reflection 
from an Fe/Cr multilayer, for 5-polarized input. Filled dots: 
M  || x ; crosses: M  || — x. The inset shows the experimental 
configuration.
(2) (2)2 (¡>k ~  34°, i.e., a nonlinear Kerr rotation cf)K of 17°. In
this geometry we measured a linear Kerr angle of 0.03°, 
using the same Ti-sapphire input beam. These observa­
tions correspond to an enhancement of almost 3 orders 
of magnitude for the nonlinear Kerr rotation. The small 
linear rotation can be compared with the bulk Fe value
of 0.1 °. The observed enormous enhancement is due to a(2)
combination of effects: The nonlinear 4>K is expected to 
be an order of magnitude larger than the linear counterpart 
and, contrary to the linear case, is also unaffected by the 
thickness reduction. The latter follows from the surface 
sensitivity of this nonlinear technique, as explained by the 
analysis below.
Following the approach of Pan, Wei, and Shen [12], 
it is convenient to separate the SH susceptibility into an 
even (x  +) and an odd (x~)  Part in the magnetization M.  
Thus, the induced SH polarization at an interface P{2co) 
is given by
Pt(2co) =  xtjk^M)EjEk + XUk(M)EjEk , (1)
where E  is the local excitation field at frequency to at the 
interface, and we implicitly assumed a summation over 
the repeated indices. The introduced susceptibilities fulfill 
Xi]k( — M)  =  ±xTjk(M). In the following we will drop the 
explicit M  dependence of xTjk • F°r a given surface sym­
metry the xtjk and Xijk can be easily derived (see Table I). 
In the longitudinal configuration and for pure p-  or s-input 
polarization we find that all nonzero xtjk elements have 
i E {x,z}, giving rise to /^-polarized SHG. All nonzero 
Xijk elements have i =  y, always resulting in ^-polarized 
SHG. From this it follows that the SHG polarization el­
lipses for ± M  are each other’s mirror image in the plane
of incidence, and we can define a nonlinear Kerr angle (2) (1) ° 
<fiK in correspondence with its linear counterpart 4>k •
TABLE I. The nonzero elements of the SH susceptibility 
tensor for an isotropic surface in the longitudinal configuration 
(M || x). The two columns list the elements that are even and 
odd in the magnetization, respectively. The occurrence of the 
elements in the p -  and s-input configurations is indicated within 
brackets.
x + X
zxx Cp ) yxx (P)
zyy (s) yyy
zzz (p) yzz (p )
xzx — xxz (p) zyz =  zzy
yzy =  yyz xyx =  xxy
The nonlinear Kerr angle can be expressed in the s 
and p  components of the reflected SH field, denoted 
by Es{2co) and Ep (2oj), respectively. Defining R =  
1Rq{Es{2(o) /Ep {2(o) \  I =  lm[Es(2co)/Ep(2co)l and A2 =  
R2 + I2 we get
<f>{K =  \  arctan[2/?/(l -  A2)] + <f>0 , (2)
with cf>o =  0 for A2 <  1, 0o =  90° for A2 >  1 and R >  
0, and (f>o =  —90° for A2 >  1 and R <  0. It is easily 
verified that in the limit A «  1 Eq. (2) reduces to <f>P =  
R: However, the nonlinear case generally is far from this 
limit, since (f>  ^ can become as large as 90°.
Inspection of Table I shows that the s-input configura­
tion is particularly simple, with only one even xtyy anc* 
one odd Xyyy contributing element per interface. For nor­
mal incidence, only the Xvw contribution survives. From(2)Ep (2oj) = 0  we then find <fiK =  ±90°. Moving away
from normal incidence, the ratio \Es(2a>)/Ep(2a))\, and as (2) (2)
a consequence \<fiK |, decreases so that 4>K is tunable over
a wide range while scanning the angle of incidence.
A similar argument for a large cf>^  close to normal 
incidence is found for a p -polarized input configuration. 
Table I shows that close to normal incidence the dominat­
ing even tensor components have one z index, and thus 
vanish at normal incidence, whereas the dominant odd 
tensor element, Xyxx* is finite at normal incidence. (This 
seems in contradiction with Fig. 3 of Ref. [9]. However, 
there one has only considered XyZZ ^ at also vanishes at 
normal incidence.)
So far, we have only discussed the effects of the dif­
ferent tensor components. However, in an actual experi­
ment, SHG intensities and polarizations are measured that 
are determined by both x as weh as the local fields. The 
latter can drastically alter the efficiency of different com­
ponents (and, for instance, lead to very small intensities 
near normal incidence). Note that due to the very small 
linear Kerr angles a rotation of the local linear fields due 
to the linear Kerr effect can be neglected. For a multilayer 
structure, these local electric fields have recently been de­
rived by Wierenga, Prins, and Rasing using a transfer ma­
trix technique [19]. It can be shown that for the general 
case of an TV-layer structure, the generated SH field can
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be written in the following form:
4 7 T i ( x )
E ( 2 oj) =  --------' Xj2 1 ej(<*>)ej(co)], (3)c cos0 ^  j j j
where£/>(*>') :
M q^N + I
and we introduced the polarization vectors of the funda­
mental incident wave e{co) and reflected SH wave e(2a>). 
The field amplitudes of the downward ( —) and upward 
(+ ) propagating waves of frequency co1 
at interface j  are indicated by Ef(co '). M
co or co+ + = 2oj  is the
transfer matrix, relating the /x components of the fields at 
interfaces j  and ƒ . ( j  =  0 and j  =  N  4- 1 indicate the 
outer surfaces on either side of the multilayer.)
Equations (3) and (4) become particularly attractive for 
contributions from the outer surface of the multilayer 
system ( j  =  0), for which Eq. (4) reduces to
^O,At(^ 0 =  [1 + , (5)
with RO'X+i^co) the total reflection coefficient of the 
system. Rz =  —Rx =  Rp, the p  -polarization coefficient, 
and Ry =  R the s-polarization coefficient.
Figure 2 shows the observed nonlinear Kerr rotation for 
both s- and p  -polarized input, as a function of the angle 
of incidence. We observed a small in-plane anisotropy in 
our experimental results, that is possibly induced by the 
sputtering process. The plotted data in Fig. 2 have been 
averaged over this azimuthal anisotropy. The solid curves 
in Fig. 2 are theoretical fits, with the unknown interface 
tensor elements of Table I as parameters and the following 
assumptions. Only the Fe is expected to contribute to the 
magnetic (odd) nonlinear susceptibility, because the Cr 
film is antiferromagnetic. Furthermore, the top Cr layer 
will be oxidized, so that the major contribution to the non­
magnetic nonlinear susceptibility is also expected to origi­
nate from the Fe film. Therefore we assigned effective SH 
susceptibilities to the Fe and Cr layers together. We veri-
angle of incidence (deg.)
(2)
FIG. 2. Nonlinear Kerr rotation <j>K for an Fe/Cr multilayer 
as a function of the angle of incidence. Dots: 5-input 
polarization; diamonds: p -input polarization. The curves are 
theoretical fits.
fied that the actual position within the Cr/Fe top layer did 
not significantly change the results of our fits. In addition 
to these SH sources at the top layer, we incorporate a non­
magnetic SH source at the Si/oxide interface. The bulk 
optical constants were obtained from [20].
Because of the limited number of parameters involved 
in the ^-polarization configuration (xyyy and x?yy at the 
top layer, and x t yy at the Si/oxide interface) one finds a 
unique fit to the experimental data points. The fit in Fig. 2 
includes a relative maximum of | <f>^ \ near ~  65°, 
that is due to an enhancement effect through multiple 
reflections in the thick silicon oxide layer. Similar, but 
smaller, enhancement factors due to a substrate are also 
known for the linear Kerr angle [21].
For the p  polarization, several combinations of tensor 
elements give satisfying fits. Figure 2 gives one such so­
lution, obtained by choosing fixed values for the relative 
phase factors and fitting the absolute values of the tensor 
components. At 45° angle of incidence, we experimen­
tally find for the p  input =  4.9°.
From our thin film analysis, the expected nonlinear 
Kerr rotation of a semi-infinite bulk Fe crystal can be 
calculated in a straightforward way. Figure 3 shows the 
result of such a simulation for the s polarization. Prelimi­
nary experimental results on such a bulk surface show 
good agreement with this simulation [22]. Scaling our 
p  -polarized result in the same way we find for the bulk(2)
nonlinear rotation cf>K =  2.4°, in quite good agreement 
with the theoretical prediction for the surface of a bulk 
Fe crystal of Pustogowa, Hlibner, and Bennemann [9]: 
<t>lK =  1-4°.
Figure 3 also includes the simulation for the same 
multilayer, but on a substrate with only a 10 nm S i0 2 
layer. The different dependences and values for as 
a function of the angle of incidence demonstrate the 
importance of the multiple reflections and of the local 
field effects and thus the role of the substrate. Without
angle of incidence (deg.)
(2)FIG. 3. Nonlinear Kerr rotation 4>K for an Fe/Cr multilayer 
and a bulk Fe surface for s-polarized input as a function of the 
angle of incidence. The bold solid line is the theoretical fit 
of Fig. 2. The dashed line is a simulation for 4 > k  of a clean
Fe surface, based on the multilayer fit. The dotted line is a(2)simulation for <f)K for an Fe/Cr multilayer on a silicon wafer 
with a 10 nm oxide.
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going through a complete calculation, one can simply get 
an intuitive idea about this role. Let us compare two 
systems: (i) the surface of a bulk magnetic medium with 
refractive index n =  nB, and (ii) a thin film of the same 
material on a substrate with n =  ns and neglecting the 
SH contribution from the film-substrate interface. In the 
limits of vanishing film thickness and sin# n, applying 
Eqs. (3) and (5), and using the standard Fresnel reflection 
theory, one can easily show that for ^-polarized input the 
ratio of the reflected SH fields due to the odd (Es) and 
even (Ep) terms is given by
Es{2co) 1 4- Rs(2co) 1-------- OC -------------  = ------  (6 )
Ep(2co) 1 + Rp(2co) n(2co) ’ V 7
with n equal to nB ox ns . Similar relations hold for 
p -polarized input. Equation (6) shows that the multilayer 
SHG effects will be more pronounced for a thin film on a 
low refractive index substrate (ns «  nB) than for a bulk 
material.
In conclusion, we have observed enhancements of al­
most 3 orders of magnitude for the nonlinear Kerr rota­
tion relative to the linear one, for an Fe(2 nm)/Cr(2 nm) 
multilayer on a S i-silicon  oxide substrate. The experi­
mental results can easily be understood from the phe­
nomenological approach by Pan, Wei, and Shen, if the 
proper local field factors are included. Contrary to the 
linear case, the surface sensitive nonlinear rotation is un­
affected by the thickness reduction of the magnetic film. 
Scaling these results to the surface of a bulk Fe crystal 
gives good agreement with theoretical predictions, based 
on band structure calculations. It is shown that, by vary­
ing the angle of incidence, the nonlinear Kerr angle may 
be tuned at will between 0° and 90°. This may lead to 
interesting applications for imaging of magnetic domains, 
as large <f>^  are obtained for very thin magnetic films that 
have vanishingly small linear Kerr rotation.
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